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In order to form ultrathin insulating layer in magnetic tunnel junctions sMTJsd, two surface flatting
processes of metal films are investigated. Oxygen-additive sputter-deposition process was applied to
the bottom Cu electrode and the Al layer to be nitrided. Dry-etching process was applied for the
surface treatment of lower Co–Fe layer. As a result, the surface roughness of stacked ultrathin Al
layer to be nitrided is reduced from 3.2Å to 1.7Å, and the tunnel magnetoresistance sTMRd ratio of
the MTJs increases from 1% to 26% while maintaining resistance-area product sR3Ad less than
53102 V mm2 in the Co–Fe/Als6Ad–N/Co–Fe MTJs. We conclude that the decrease of the
surface roughness of Al layer is one of the key factors to realize high performance MTJs with low
R3A and high TMR ratio. © 2005 American Institute of Physics. fDOI: 10.1063/1.1854452g
I. INTRODUCTION
To realize low error rate and high-speed operating mag-
netic random access memories, reduction of resistance-area
product sR3Ad while maintaining large tunnel magnetore-
sistance sTMRd ratio is required for magnetic tunnel junc-
tions sMTJsd.1,2 In order to achieve these properties, the for-
mation process of ultrathin insulating layer should be
precisely controlled. Although, the plasma oxidization of
metal Al layers is generally accepted to be a suitable method
to obtain high TMR ratio in MTJs, its high reactivity makes
it difficult to oxidize ultrathin Al layer precisely down to the
interface to the lower ferromagnetic electrode. The authors
succeeded in producing a large TMR ratio of 45%–50% with
R3A of 63103–33104 V mm2 in the MTJs with a
8–10 Å thick Al–N barrier fabricated by the microwave-
excited Kr+N2 or Ar+N2 plasma nitridation method,3 while
the conventional maximum of the TMR ratio was 33% in
MTJs having a Al–N barrier.4 The authors also found that the
nitridation process of metal Al layer progresses mildly than
the oxidization process of metal Al layer.3 The high TMR
ratio is due to the low damage plasma process, characteristic
of low electron temperature5 and the low high energy ion
generation,6 and due to the lower affinity of reactive gases
for metals and the lower diffusion coefficient of nitrogen in
the insulator than that of oxygen.7 Therefore, microwave-
excited Kr+N2 or Ar+N2 plasma nitridation method of ul-
trathin metal Al layer is expected to be a key technology to
realize the ultrathin insulating layer for the MTJs with low
R3A and large TMR ratio.
To form ultrathin insulating layer, metal films should be
formed very flatly prior to the plasma nitridation. For this
purpose, we note two different thin film fabrication tech-
niques. One is the impurity addition sputtering technique. In
the case of Co/Cu multilayer, small amount of oxygen, in-
troduced during deposition, remarkably reduces the interfa-
cial roughness of the multilayer, accompanied with the re-
duction of grain size, and results in the giant
magnetoresistance sGMRd enhancement.8 The other is the
so-called “dry-etching” process. In the case of spin valve
films, dry-etching process for surface treatment of Co–Fe
layer with Ar plasma effectively reduces the surface rough-
ness of the Co–Fe layer and results in the GMR
enhancement.9
In the present study, we thus investigated the effect of
these surface flattening processes of metal films on the mag-
netotransport properties of MTJs. MTJs in form of
Mn–Ir/Co–Fe/Als6–7 Åd–N/Co–Fe were fabricated by
applying both the impurity-additive sputtering for the depo-
sition of the ultrathin Al layer and the surface treatment pro-
cess onto the lower Co–Fe surface.
II. EXPERIMENTAL PROCEDURE
The MTJs of structure, substrate/Ta 50 Å/Cu 400 Å/
Ta 50 Å/Ni76Fe24 20 Å/Cu 50 Å/Mn75Ir25 100 Å/Co71Fe29
40 Å/Al–N/Co71Fe29 40 Å/Ni76Fe24 200 Å/Ta 50 Å, were
prepared on thermally oxidized Si wafers. All the metallic
layers were deposited by dc magnetron sputtering method.
The deposition of ultrathin metal Al layer was performed by
adding O2 or N2 gas into inert Ar gas for sputtering. O2 or N2
content in the sputtering atmosphere sFadd/Ftotald was varied
from 0.1% to 5% or from 1% to 30%, respectively. The
applied dry-etching power density for the surface treatment
of the lower Co–Fe layer was varied from
0.16 to 0.32 W/cm2. The barrier formation was performed
by depositing a metal Al layer with a thickness, dAl=6, 7, 8,
and 10 Å, and subsequent nitriding it in the chamber with
radial line slot microwave antenna.10 The mixing concentra-
tion of nitrogen into inert gas sAr or Krd was 5%. The nitri-
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dation time was varied from 10 s–50 s. The applied micro-
wave power density was 1.1 W/cm2. A photolithographic
process and ion milling were used to pattern the tunnel junc-
tions in normal area of 25 mm2–400 mm2. The TMR mea-
surements were performed with a four-point probe method at
a bias voltage of 5 mV. The thermal treatment consisted of
consecutive 60 min vacuum annealing at each temperature,
followed by furnace field cooling under a 1 kOe magnetic
field.
III. RESULTS AND DISCUSSION
A. Transport properties of MTJs with different metal
Al layer thickness
Figure 1 shows the changes of the TMR ratio and the
R3A of the MTJs with various metal Al layer thickness,
fabricated with Ar+N2 or Kr+N2 plasma, as a function of
the annealing temperature, Ta. The amount of nitridation
plasma exposure was optimized for respective metal Al layer
thickness to maximize the achievable TMR ratio of MTJs
during thermal annealing. The data labeled 100 °C in the
plot correspond to those for the as-prepared MTJs. The 49%
and 44% TMR ratio were obtained at Ta=280 °C and
300 °C for MTJs with dAl=10 Å and 8 Å, respectively.3
However, the TMR ratio of MTJs with dAl=7 Å and 6 Å
were very low, regardless of Ta. We confirmed through the
atomic force microscopy that the surface roughness of
stacked metal Al layer to be nitrided fsubstrate/Ta 50 Å/
Cu 400 Å/Ta 50 Å/Ni76Fe24 20 Å/Cu 50 Å/Mn75Ir25 100 Å
/Co71Fe29 40 Å/Als6 Åd–Ng was relatively large sRa
=3.2 Åd. This suggests that the ultrathin s6–7 Åd metal Al
layer was not formed homogeneously on the lower Co–Fe
layer, resulting in very low TMR ratio of those MTJs.
B. Effect of oxygen or nitrogen addition sputtering
and dry-etching on surface roughness of single
layered metal films
Figure 2 shows the changes of the surface roughness Ra
and sheet resistance of 1800 Å thick Al films fabricated di-
rectly on thermally oxidized Si wafers, as a function of O2 or
N2 addition in the Ar gas during Al film deposition. The
surface roughness of the Al film increases from
35 Å to 105 Å with increasing the O2 content from 0% to
0.2%. However, the Ra becomes 14 Å and 2 Å when the O2
content is 1% and 5%, respectively. The sheet resistance of
Al film are 10 times and 1000 times larger than that of the Al
film fabricated without O2 addition. The 1000 times larger
sheet resistance means that there are many scattering centers
of conduction electrons, such as impurity atoms, defects,
grain boundaries, and so on, in the Al films, while they are
still metallic. In the case of N2 addition, Ra=1 Å with the
1000 times larger sheet resistance is obtained for the Al film
fabricated with a N2 content of 23%. These results indicate
that oxygen or nitrogen makes the films flatter by partial
oxidation or nitridation induced grain size reduction in the
films.8
We also found the reduction of the surface roughness of
Cu films through a similar experiment. We confirmed that
adding 0.2% O2 gas into inert Ar gas reduces the surface
roughness of bottom Cu electrode from 2.0 Å to 1.3 Å while
maintaining the sheet resistance value at 4.3 V.
Figure 3 shows the changes of the surface roughness Ra
and film thickness of metal Co–Fe films fabricated directly
on thermally oxidized Si wafers, as functions of dry-etching
power density for surface treatment. The Ra decreases from
12 Å to 5 Å with the dry-etching power density increasing
from 0 to 0.16 W/cm2 with only 10% reduction of the film
thickness. On the other hand, the surface roughness of metal
Co–Fe film turns to increase from 5 Å to 7 Å with the dry-
etching power density further increasing from
0.16 to 0.32 W/cm2. This result means that dry-etching for
surface treatment with low power density makes the films
flatter with slight removal of material.
Based on the above experimental result, we succeeded in
reducing the surface roughness of stacked ultrathin metal Al
layer to be nitrided fsubstrate/Ta 50 Å/Cu 400Å/Ta 50 Å/
Ni76Fe24 20 Å/Cu 50 Å/Mn75Ir25 100 Å/Co71Fe29 40 Å/Al
FIG. 2. Changes of surface roughness and sheet resistance of 1800 Å thick
Al film as a function of O2 or N2 content in the Ar gas during its deposition.
FIG. 1. Annealing temperature dependence of TMR ratio and resistance-
area product for the MTJs with various metal Al layer thickness: 10 Å
sreversed triangled, 8 Å striangled, 7 Å ssquared, and 6 Å scircled. The tunnel
barrier was fabricated with Ar+N2 or Kr+N2 plasma nitridation method.
10C920-2 Yoshimura et al. J. Appl. Phys. 97, 10C920 ~2005!
Downloaded 28 Oct 2008 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
6 Å from 3.2 Å to 1.7 Å by applying both the impurity-
addition sputtering and the dry-etching process.
C. Transport properties of MTJs with ultrathin Al–N
barrier fabricated with surface flattering
processes
Figure 4 shows the changes of the TMR ratio and the
R3A of the MTJs with a 6 Å thick Al layer, fabricated with
various oxygen addition content, as a function of the anneal-
ing temperature, Ta. The amount of nitridation plasma expo-
sure is optimized to maximize the achievable TMR ratio of
MTJs during thermal annealing for the respective oxygen
addition. Regardless of the Fadd/Ftotal, TMR ratio increases
with increasing Ta and reaches a maximum at 320 °C. The
achievable TMR ratio of the MTJ increases drastically from
1% to 22% with oxygen content increasing from 0% to 5%
while maintaining the R3A less than 53103 V m2.
In Fig. 5, the achievable TMR ratio is summarized as a
function of the oxygen addition, Fadd/Ftotal.
The results for the MTJs fabricated with further applying
dry-etching process on the lower Co–Fe surface are also
shown in Fig. 5. The dry-etching power density is
0.16 W/cm2. TMR ratio increases from 19% to 22% and
from 3% to 26% by applying the dry-etching process for the
MTJs with a 7 Å thick and a 6 Å thick Al layer, respectively.
The R3A of the MTJ with the TMR ratio equal to 26% is
53102 V mm2, as shown by the filled circles.
From all the experimental results, we conclude that the
decrease of the surface roughness of metal Al layer is one of
the key factors to obtain MTJs with low R3A while main-
taining high TMR ratios.
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FIG. 3. Changes of surface roughness and film thickness of Co–Fe film as a
function of dry-etching power density for surface treatment.
FIG. 4. Annealing temperature dependence of TMR ratio and resistance-
area product for the MTJs with a 6 Å thick Al layer fabricated with various
oxygen content in the sputtering atmosphere. The tunnel barrier was fabri-
cated with Ar+N2 plasma nitridation method.
FIG. 5. TMR ratio of the MTJs with a 6 Å thick scircled and a 7 Å thick
ssquared Al layer, as a function of oxygen addition in the sputtering Ar gas
during Al layer deposition with or without applying the dry-etching process
on the Co–Fe surface.
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